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Abstract
Photovoltaic technology is a consolidated solution for electricity production in residential, commercial and industrial facilities. 
Despite that, the solar-to-electrical energy conversion is still low and many efforts are still needed in order to increase the panel 
efficiency. Since the photovoltaic modules performance decreases when the cell temperature increases, solutions have been 
investigated to cool down the panel with a refrigerated thermal plate installed on the PV rear surface. In standard applications, the 
photovoltaic thermal panel (PV/T) systems can produce both thermal and electrical energy and they are typically used for 
domestic hot water (DHW) production. Moreover, hybrid solar panels must be coupled with a heat pump system at the 
evaporator side, realizing a photovoltaic solar assisted heat pump (PV-SAHP) plant. Generally, a careful design of these 
integrated systems must involve accurate control strategy to optimize energy savings during operation. In fact, the behavior of the 
PV/T panels is heavily influenced by the very quick variation of the external conditions during daytime (mainly due to solar 
irradiation), affecting the working conditions of the other equipment. Therefore, models able to reproduce the dynamic behavior 
of the PV/T panels represent a flexible tool for developing innovative and user-adapted system control criteria, in a global system 
optimization perspective. In this context, the aim of the present paper is to describe a simplified numerical model able to 
reproduce the short time dynamic behavior of the PV/T panel. The model has been validated using experimental data which have 
been collected during outdoor tests conducted at the University of Genoa using a prototype realized by retrofitting a commercial 
PV collector. Several simulations have been performed by comparing the PV/T outlet temperature provided by the numerical 
model against experimental data.
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Nomenclature
Roman letters
A Module area [m2]
C Thermal capacitance [J K-1]
cp Water specific heat [J kg
-1 K-1]
G Solar radiation [W m-2]
htot Global heat transfer coefficient [W m
-2 K-1]
ী Mass flow rate [kg s-1]
P Electrical power output [W]
Q Heat flow rate [W]
R Thermal resistance [K W-1]
T Temperature [K]
Greek letters
Į Absorbance
ȕ Temperature coefficient [K-1]
Șel Electrical efficiency
Șref NOCT efficiency
Ĳ Time
Ĳv Glass transmission coefficient
Subscripts
c PV cell
el Electrical
f Fluid
g Glass
p Absorber plate
ref Reference state
u Useful
1. Introduction
The efficiency of the standard photovoltaic panels (PV) is relatively low, making them less of an economical 
system solution for producing electrical energy. Considering the decrease in electrical efficiency of the photovoltaic 
modules as a consequence of its temperature increase, cell cooling was proposed to increase the overall conversion 
efficiency [1, 2], realizing hybrid thermal photovoltaic panels (PVTs).
In the last years, many researchers focused their attention on the hybrid photovoltaic panels performing a lot of 
theoretical [3] and experimental [4,5,6] studies in order to analyze their thermal and electrical performances (an
exhaustive review on PV/T systems is presented by Charalambous et al. [7] and Ibrahim et al. [8]). Moreover, in 
order to optimize the PV/T configuration, several authors investigate the thermal and fluid-dynamic issue of PV-T 
panel with the aim to achieve the best cooling effect [9,10] and to develop numerical model to predict the thermal 
performance of these systems [11]. In fact, considering the strong variation of the working conditions of the PV/T 
systems, the development of simplified numerical model able to reproduce their dynamic behavior, assumes a 
relevant role in order [12]:
x to realize useful tools able to perform more reliable external tests respect to ones adopted to the common standard 
[13];
x to support the energy system design for both preliminary and executive stages;
x to optimize regulation strategies, especially for complex systems in which several energy sources are coupled 
together. 
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In fact, careful design, real-time operation monitoring and regulation are needed to optimize the energy savings 
especially with strong dynamic conditions [14]. As for instance, if the PV/T panels are coupled with a water to water 
heat pump system, it is mandatory to correctly predict the outlet water temperature, especially in view of its strong 
influence on the heat pump efficiency.
Following these purposes, several attempts to develop numerical models have been conducted in the last years. 
Zondag et al. [15] compared a 3D dynamic model using several geometric assumptions (1D, 2D and 3D) with three 
different steady state approaches and with experimental data. Authors highlighted that no significant differences 
occur between simplified (1D) and more complex models (2D and 3D), which have also the disadvantages of 
requiring higher computational effort, making them not useful in a regulation criteria perspective. Chow [16] 
developed an explicit dynamic model based on a control-volume finite-difference approach to perform a numerical 
investigation of different panel discretization assumptions. The work demonstrates the usefulness of using a single 
node of each component. In a subsequent work, Chow et al. [17] analyzed numerically and experimentally the 
performance of solar PV/T system against the standard solar PV system and solar thermal water collectors. In a 
recent work, Toufek et al. [18] developed a dynamic numerical model in order to perform a parametric investigation 
on a new PV/T configuration based on a sheet and tubes system which has been tested experimentally demonstrating 
a better heat absorption and lower production costs to other PV/T configurations. 
In this context, the aim of the present work is to develop and test a simplified numerical model able to reproduce 
the dynamic behavior of the PV/T system, in terms of outlet and cell panel temperatures, which represent the main 
key variables affecting both thermal and electrical efficiencies. The developed model has been validated in both 
static and dynamic conditions by using experimental data collected during outdoor tests on a retrofitted PV/T 
module [19, 20].
2. Experimental tests
An extensive experimental analysis is performed on a prototype of water cooled hybrid panels (W-PVT) realized 
by retrofitting a commercial photovoltaic panel with two water cooled tube-on-plate aluminum panels located at the 
rear of the PV module (Fig. 1a and Fig. 1b).
The retrofitting technique permits to obtain a PV/T panels starting from a standard commercial PV panel in order 
to increase its global efficiency. More details about the prototypes and the experimental procedure can be found in 
[19,20]. In the present work, a commercial monocrystalline photovoltaic panel (Sharp NU-180EI) with the 
following characteristics has been used: absorber area 1.31 m2, open circuit voltage of 30 V, short-circuit current of 
8,37 A and a power at nominal conditions (G = 1000W/m2 and Tcell = 40°C) to 180 W which corresponds to an 
efficiency of 13.7%.
The thermal panels, with a tube-on-plate configuration composed of two 1 mm thick aluminum plates used to
support two serpentines which are glued using thermal paste, are added at the rear of the PV module. The 
serpentines have an elliptical cross section with 8 mm and 6 mm of external and internal equivalent diameter 
respectively, which ensures a larger contact surface in order to increase the thermal exchange. The choice of the size 
was carried out in order to minimize pressure drops, equal to about 98 mbar with a flow rate of 90 l/h and, therefore, 
to reduce the power consumption of the pumping system. Simple wood ribs are used to guarantee the contact 
between the backside of the photovoltaic panel and the thermal aluminum plate. No conductive past or mean is 
added between the PV panel and the thermal plate.
In order to measure the temperature profiles of the PV/T panel, several T-type thermocouples connected to a 
digital multimeter have been located on the rear side of the photovoltaic panel, on the back side of the thermal plate 
(Fig. 1c) and at the panel inlet and outlet of the water serpentines. Finally, also the environmental data (temperature 
and solar radiation) has been acquired by an independent instrument. The temperatures collected by the digital 
multimeter were transferred onto excel spreadsheet and correct with respect to the reference junction and the 
calibration curves of the apparatus of acquisition.
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Fig. 1. (a) Rear side PV/T prototype with thermal plate and serpentines; (b) Drawn section of the PV/T prototype; c) Position of the 
thermocouples; d) Hydraulic circuit for water distribution.
A water distribution system (Fig. 1d), divided into two parts with independent flow adjustment, provides the 
flowing water. The circuit also acts as a regulation and a control system by means of two rotameters and two 
pressure gauges and a set of ball valves. In particular, the distribution circuit is constituted by: a thermostatic bath
equipped with internal pump, 2 oil pressure gauges, 2 flowmeters, 9 shut-off valves, 1 by-pass valve and a filter. A
circulating pump is added to the circuit in order to increase the flow if the pump of the thermostatic bath fails to 
meet the requirements, however this pump was rarely used. During the tests the temperature of the incoming fluid 
was maintained constant through the use of a thermostatic bath.
Fig. 2. Measured temperature profiles of: (a) TEST 1; (b) TEST 2; c) TEST 3
a) b)
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Several experimental preliminary tests have been performed at the University of Genoa to evaluate the potential 
of the proposed hybrid panel [19]. The measurements of the temperatures in the different layers allow the evaluation 
of the thermal resistances by adopting a simplified steady state approach, as described in [20], which are used in the 
present work as starting parameter to observe the dynamic model behavior. The thermal resistance between external 
surface temperature and mean inlet-outlet water temperatures is equal to 0.030 m2K/W±8%, while an average rear 
contact resistance between the backside of the photovoltaic panel and the thermal plate of 0.017 m2K/W±9% is 
obtained corresponding to an air gap of 0.45±0.04mm.
In the present work three outdoor tests have been used to validate the numerical model with different dynamic 
conditions (the environmental and panel temperature profiles collected during the different tests are shown in Fig. 
2). In particular: 
x test 1: external temperature and solar radiation about constant (Fig. 2a), no dynamic effects occur;
x test 2: external temperature about constant and slightly variation of the solar radiation (Fig. 2b), lower dynamic 
effects related to the solar radiation;
x test 3: external temperature about constant and strong heat pulse of the incoming solar radiation (Fig. 2c), strong 
dynamic effects related to the solar radiation.
3. Numerical model
A thermal dynamic model of PV-T, based on the lumped capacitance approach coupled with the thermo-
electrical analogy, has been developed at the DIME/TEC of the University of Genoa. Using this approach, each 
PV/T component is modeled as a unique temperature node in which its thermal capacitance is lumped. Considering 
the PV/T prototype described in section 2, the following components can be individuated and modelled (Fig. 3a):
x the glass cover, used to protect the cells, which is modeled as a single node located in the center of the glass 
thickness. It exchanges heat between the external air (Qloss), and with the cell node across the air layer (Qcg)
taking into account only the conduction. Moreover the absorbed solar radiation (which is generally low) has to be 
taken into account. The transient energy balance equation for the glass can be written as follows:
losscgg
g
g QQGAd
dT
C  D
W
(1)
cg
gc
cg R
TT
Q

 (2)
 ambgtotloss TTAhQ  (3)
where htot is the global heat transfer coefficient taking into account both convection and radiation, while Rcv is the 
thermal resistance between the glass node and the photovoltaic cells.
x the photovoltaic cells absorb the solar radiation producing electrical power (Pel) by means of the photovoltaic 
conversion. This electrical power can be calculated considering the cell electrical efficiency and its dependency 
from the module temperature starting from the NOCT conditions (Normal Operating Cell Temperature), as 
shown in Eq. 5.
elgel GAP KW (4)
 > @rifcrifel TT  EKK 1 (5)
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Fig. 3. a) Schema of the model structure; b) Thermo-electrical circuit of the model
The portion of the incident energy which is not converted by the photovoltaic effect remains available in form of 
heat: in part is transferred to the glass (Qcv) and the other one is removed by the absorber (Qcp). A contact thermal 
resistance, realized in form of pure conductive air layer, is added between the PV cell and the plate nodes in order 
to take into account the defective contact which could occur. The transient energy balance equation for the glass 
can be written as follows:
  cpcgelgcc QQGAd
dT
C  KW
W
1 (6)
cp
pc
cp R
TT
Q

 (7)
in which Rcp is the thermal resistance between the photovoltaic cells and the absorber plate, calculated assuming a 
central node position in the cell thickness, and the contact thermal resistance which is determined experimentally.
x the absorber plate, which removes heat from the PV cells (Qcp), exchanges heat with the carrier fluid (Qpf)
through the contact thermal resistance realized between the plate and serpentines by the thermal paste. Moreover, 
a loss heat flow rate occurs with the external air (Qpe) due to the absence of insulation in the prototype. The 
transient energy balance equation for the glass can be written as follows:
pepfcp
p
p QQQd
dT
C  
W
(8)
x The fluid volume inside the collector receives heat from the absorber plate (Qpf) and exchanges heat with the 
ambient air (Qfe) through an overall thermal resistance between the fluid and the outside environment which takes 
into account both conduction through the pipe rear thickness and the external convection. Finally, the heat 
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removed by the carrier fluid represents the useful heat flow rate (Qu). The transient energy balance equation for 
the glass can be written as follows:
ufepf
f
f QQQd
dT
C  
W
(9)
 infoutfpu TTcmQ ,,   (10)
Therefore, the model is represented by a set of four energy differential equations which can be solved with 
numerical techniques [21]. The whole thermo-electrical circuit of the model is shown in Fig. 3b.
4. Results
The PV/T dynamic model has been implemented in the Matlab/Simulink® environment. Several simulations have 
been conducted in order to compare the predicted temperature profiles with ones collected during the experimental 
tests. For each simulation, the model requires the following experimental input: mass flow rate [kg/s], solar radiation 
[W/m2], the external air and the inlet fluid temperatures [°C]. The model parameters (thermal resistances and 
thermal capacitances) are calculated starting from the geometrical data of the panel and the thermo-physical 
characteristics of each component material. Moreover, the contact thermal resistance between the absorber plate and 
serpentines and the air thermal resistance between the absorber plate and PV cells, due to an imperfect contact of 
these two components, are determined experimentally (see section 2 and, for more details, [19,20]). A time step 
discretization of 10 seconds was adopted for all simulation performed. 
Fig. 5. Comparison between simulated and experimental cell temperature profiles of each analyzed tests.
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Fig. 6. Comparison between simulated and experimental outlet fluid temperature profiles of each analyzed tests.
Fig. 5 shows the results obtained comparing the numerical PV cell temperature profiles with ones collected 
during the experimental tests. As it is possible to observe, the developed model is able to reproduce the behavior of 
the PV module for all test conditions analyzed.
The same results are obtained from the comparison between the numerical and experimental outlet water 
temperature profiles for all tests analyzed. In fact, it is possible to observe in Fig. 6 that the model is able to predict 
the outlet water temperature for each tested dynamic conditions, following the experimental profiles with very good 
agreement, unless of errors related to the variation of the external convection heat transfer coefficients related to the 
effect of the wind.
In particular, observing both PV cell and outlet water temperature profiles obtained for TEST 3, it is possible to 
state that the model is able to reproduce the PV/T module transient behavior due to the step pulse of solar radiation 
showing a good agreement between experimental and numerical results.
5. Conclusion
The present paper describes a short-term dynamic numerical model for reproducing the thermal behavior of PV/T 
panels. The model, implemented in Matlab/Simulink® environment, is based on the lumped capacitance approach 
coupled with the thermo-electrical analogy and it is validated in both static and dynamic conditions by using 
experimental data collected during outdoor tests on a retrofitted PV/T module conducted at the University of Genoa.
In particular, three different outdoor tests have been used to validate the numerical model in order to investigate 
different dynamic conditions. The comparison has been performed in terms of outlet and cell panel temperature, 
which represent the main key variable which affect both thermal and electrical system efficiency.
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The results demonstrate that the model is able to predict both PV cell and outlet water temperature profiles for all 
test conditions analyzed in the present work, showing a good agreement between the numerical and experimental 
profiles.
Further works have to be performed to observe the performance of the PV/T model under heavily dynamic 
working conditions, as occur if the PV/T modules are coupled with a heat pump system (PV/T-SAHP). 
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